In the latter half of the 20th century, among participants of the Framingham Heart Study, incidence of heart failure (HF) has declined by about a third in women but not in men and survival after the onset of HF has improved in both sexes; however, HF remains highly lethal with over 50 % dying within 5 years after onset of HF. Overall, the 8-year relative risk of HF is 24 % lower in women compared with men. The 8-year incidence rates of HF with preserved ejection fraction (HFPEF; EF >45 %) and HF with reduced EF (HFREF; EF ≤45 %) in women and HFPEF in men are similar; however, men have a 2-fold higher cumulative incidence of HFREF than HFPEF. The lifetime risk of HF is about 20 % in both women and men at 40, 50, 60, 70, and 80 years of age. Contribution of hypertension and diabetes mellitus to the risk of HF was more prominent in women than in men. Serum levels of several biomarkers were distinctly different in women compared with men and had differential effects on left ventricular structure and function; however, the strength and direction of the association between biomarkers levels and HF risk were generally similar in women and men. In individuals with HF, about two-thirds of the underlying cause of death and about one-half of the immediate cause of death were due to cardiovascular causes. Non-cardiovascular underlying and immediate causes of death were more evident in HFPEF.
Introduction
Framingham Heart Study (FHS) is a large population-based study that started in the late 1940s. Over the last 65 years, three generations of participants have been enrolled and followed in the FHS clinic at every 2, 4, or 8-year intervals. Women and men are almost equally represented. Participants are under continuous surveillance for the incidence of clinical endpoints of interest, including heart failure (HF). Over the years at FHS, the same set of clinical criteria has been used for the diagnosis of HF [1] . Hence, FHS provides an optimal milieu to examine the incidence, survival, relative risk, and lifetime risk of HF; evaluate the risk factors and markers of HF; and describe the modes of death after the onset of HF. In the present report, we have reviewed key articles from the FHS to glean insights into sex-based differences in the epidemiology of HF.
Incidence of HF
In 1950-69, the HF incidence rate/10,000 person years of follow-up was 42 (95 % confidence interval [CI] 34-50) in women and 63 (95 % CI 48-78) in men [2] . Over the next 30 years, the incidence rate declined by about one-third (95 % CI 31 to 40 %) in women, primarily between time periods 1950-69 and 1970-79, but remained almost unchanged in men [2] . The reasons for the disparity in HF incidence trends between sexes are unclear.
Among FHS participants who developed acute myocardial infarction (n=676, 34 % women), the 30-day and 5-year incidence of HF increased from 10 and 27.6 % in the decade of the 1970s to 23.1 and 31.9 %, respectively, in the decade of the 1990s [3] . The increase in HF incidence rates was commensurate with the decline in mortality after myocardial infarction -the 30-day and 5-year mortality rate declined from 12.2 and 41.1 % in the 1970s to 4.1 and 17.3 %, respectively, in the 1990s [3] . However, among those who survived 30 days after acute myocardial infarction without HF, the incidence of HF remained unchanged. Sex-specific analyses were not performed.
Survival After Onset of HF
Between 1948 and 1988, median survival after the onset of HF was better in women than in men (3.2 years versus 1.7 years) [4] . One-, 2-, 5-, and 10-year survival rates were 64, 56, 38, and 21 %, respectively, in women and the corresponding rates were 57, 46, 25, and 11 %, respectively, in men [4] . Mortality increased with advancing age in both sexes (hazard ratio [HR] for women, 1.61 per decade of age; 95 % CI, 1.37-1.90; HR for men, 1.27 per decade of age; 95 % CI, 1.09-1.47). After adjusting for age, survival after HF onset was better in women than in men (HR 0.64; 95 % CI, 0.54-0.77).
In subsequent analyses of data from the first 5 decades of follow-up, 1950s through 1990s, the age-adjusted probability of survival improved in both women and men ( Fig. 1) [2] . The 30-day, 1-year, and 5-year age-adjusted mortality rates among women declined from 18, 28, and 57 %, respectively, in 1950-69 to 10, 24, and 45 %, respectively, in 1990-99. The corresponding rates among men declined from 12, 30, and 70 %, respectively, in 1950-69 to 11, 28, and 59 %, respectively, in 1990-99. Despite the improvement in overall survival after the onset of HF by 12 % per decade (P=0.02 for women and P=0.01 for men), HF remains highly fatal; 5-year mortality was more than 50 % among those diagnosed with HF in the 1990s.
Relative Risk of HF
Using data on 9 commonly ascertained clinical factors, a profile for estimating the 4-year probability of HF in individuals aged 45 to 94 years has been published [5] . Participants in the top quintile of this multivariable risk accounted for 73 % of HF events in women and 60 % in men. In recent analyses of data between 1981 and 2008, women had a 24 % (95 % CI 7 to 38 %) lower 8-year risk of new-onset HF than men [6] . Similar risk assessment models are available for prediction of HF among individuals with atrial fibrillation [7] .
In FHS participants with new-onset HF, the multivariable odds of HF with preserved ejection fraction (HFPEF, EF >45 %) are 2.8-fold higher in women than in men [8] . Overall, among individuals free of HF at baseline, women are 65 % less likely to have HF with reduced ejection fraction (HFREF, EF ≤45 %) [6] . However, the cumulative incidence of HFPEF and HFREF are similar in women and approximate that of HFPEF in men, whereas the cumulative incidence of HFREF in men is markedly high (Fig. 2) [6] . This disparity in the incidence of HFPEF and HFREF between women and men may partially be explained by differential left ventricular (LV) adaptation response to stress; e.g., isolated systolic hypertension is associated with concentric LV hypertrophy in women and eccentric hypertrophy in men [9] . A more detailed discussion on HFPEF is reported elsewhere [10, 11] .
Years Years a
Women Men b Fig. 1 Temporal trends in age-adjusted survival after the onset of heart failure among women (a) and men (b). Values were adjusted for age (<55, 55 to 64, 65 to 74, 75 to 84, and ≥85 years). Estimates are shown for
Lifetime Risk of HF
The lifetime risk statistic is a better indicator of the population burden of a disease than cumulative incidence because it quantifies the absolute cumulative risk of a disease during the remainder of one's life and accounts for the competing causes of death. Among both women and men, the lifetime risk of developing HF at 40, 50, 60, 70, and 80 years of age continually remains high at about 20 % (1 in 5) [12] . With increasing age, the slope of cumulative risk of HF becomes progressively steeper because the short-term risk of HF rapidly increases with advancing age (Fig. 3 ) [12] . For instance, among women, the 5-year risk of HF increases from 0.1 % at age 40 to 8.3 % at 80 years of age (Table 1 ) [12] . The persistently high lifetime risk of HF among the elderly, despite shorter life expectancy, is likely due to greater prevalence of hypertension (a major risk factor for HF) and improved survival after acute myocardial infarction (a potent risk factor for HF). Among those without prior myocardial infarction, the lifetime risk of HF at 40 years of age is approximately 15 % for women and 11 % for men [12] .
Clinical Risk Factors for HF Hypertension and HF Risk
Role of hypertension in the pathogenesis of HF is well described [13, 14] . In models adjusting for diabetes mellitus, angina, myocardial infarction, electrocardiographic LV hypertrophy (ECG-LVH), and valvular heart disease, presence of hypertension is associated with a 3. of HF in women and 2-fold increase in risk of HF in men (Table 2 ) [13] . Consequently, even though the prevalence of hypertension is similar in both sexes (about 60 %), the population attributable fraction is much higher in women than in men (59 % vs. 39 %) [13] . In stepwise regression analyses considering 14 established HF risk factors, hypertension was significantly associated with HFREF but not with HFPEF [6] .
Diabetes Mellitus and HF Risk
Diabetes mellitus is an established risk factor for HF [5, 6, 14, 21, 22] . Analyses based on initial 18-years of followup revealed that diabetes mellitus conferred a 5-fold increased risk of HF in women and a 2-fold increased risk of HF in men [21] . Among individuals with diabetes mellitus, regardless of coronary artery disease status, HF occurred approximately 2-times more commonly in women than in men [21] . These findings imply that women are particularly susceptible to the deleterious impact of diabetes mellitus on the heart. In recent sex-pooled multivariable analyses, diabetes mellitus was associated with a similar, nearly 3-fold, increase in the risk of HFPEF as well as HFREF [6] . Individuals with diabetes mellitus had higher heart rates than those without diabetes mellitus (73 vs 68 beats/min, P=0.004, in women; 68 vs 64 beats/min, P=0.002, in men) [23] . Women with diabetes mellitus had greater evidence of LV remodeling characterized by increased LV wall thickness, relative wall thickness, LV end-diastolic dimension, and LV mass indexed to height [23] . In multivariable analyses, diabetes mellitus remained significantly associated with greater LV mass and wall thickness in women (all P<0.01) but not in men [23] . Of note, worsening glucose tolerance was associated with higher LV mass and wall thickness; this association was stronger in women compared with men [24] . Insulin resistance was associated with increased LV mass in women alone, but this relation was attenuated by obesity [24] . Other mechanisms for diabetic cardiomyopathy have been previously described in a separate review [22] .
Obesity and HF Risk
Among FHS participants, every 1 kg/m 2 increment in body mass index (BMI) was associated with a 7 % increase in HF risk in women and a 5 % increase in HF risk in men (Table 2 ) [15] . As compared with normal BMI (defined as BMI between 18.5 and 24.9 kg/m 2 ), Obesity (defined as BMI ≥30 kg/m 2 ) was associated with a 2.1-fold increase in the risk of HF in women (P<0.001) and 90 % increase in the risk of HF in men (P<0.001). The influence of elevated BMI on the risk of HF was not altered by sex (P for interaction >0.10). In addition to current BMI, evidence of elevated BMI in the past 10 years or past 10 to 20 years were each associated with increased HF risk [25] . This finding suggests that excess weight in early life increases the risk of HF in later life. Potential mechanisms by which obesity may result in the development of HF include promotion of atherogenic risk traits, alteration of neuroendocrine pathways, predisposition to sleep-disordered breathing, potentiation of cardiac remodeling, and induction of proteinuria and renal dysfunction [26] .
Physical Inactivity and HF Risk
In 1142 elderly FHS participants (mean age 76 years) without prior myocardial infarction, levels of physical activity were similar in women and men [20] . In age and sex-adjusted analyses, higher levels of physical activity (middle and upper tertile compared with lower tertile) were associated with a 15-56 % lower risk of HF. In multivariable models adjusting for established clinical risk factors for HF, this association was evident for risk of any HF and HFPEF (EF >45 %) but attenuated for HFREF (EF ≤45 %). Effect modification of these associations by sex was not assessed in this investigation.
Dyslipidemia and HF Risk
Every 1SD increment in non-HDL-C was associated with a 19 % increase in the risk of HF (Table 2 ) [19] . To the contrary, every 1SD increase in HDL-C conferred an 18 % reduction (HR 0.82, 95 % CI 0.75-0.90) in HF risk. These results remained significant even after adjustment for myocardial infarction as a time-dependent covariate. All analyses were conducted on data for pooled sexes; there was no significant effect modification by sex of the association of lipid levels with the risk of HF.
Cigarette Smoking and HF Risk
In recent multivariable analyses accounting for established HF risk factors, current cigarette smoking was associated with a 1.6-fold increase in the risk of HF (HR 1.64, 95 % CI 1.28-2.01, P<0.001) [6] . In stepwise regression analyses including 14 potential HF risk factors, current cigarette smoking was associated with a 2-fold increase in the risk of HFPEF (HR 2.04, 95 % CI 1.39-2.99, P<0.001) but was not a significant contributor to the risk of HFREF [6] . Interactions of these associations by sex were not evaluated in this report.
Alcohol Intake and HF Risk
In both women and men, alcohol intake was not associated with increased risk for HF even among heavy drinkers (defined as ≥15 drinks/week in men and ≥8 drinks/week in women) ( Table 2 ) [16] . Among women, age-adjusted risk for HF was lower among women who consumed 3 to 7 drinks/week (HR 0.49, 95 % CI 0.25-0.96) than in nondrinkers. This association remained marginally statistically significant after adjustment for multiple predictors of HF. The risk for HF was lower among men at all levels of alcohol consumption compared with nondrinkers, before and after adjustment for multiple predictors of HF. The lowest risk for HF was seen in men who consumed 8 to 14 drinks/week (HR 0.41, 95 % CI 0.25-0.96). The observed association between alcohol consumption and risk for HF in men was not affected by adjustment for hypertension, but it was mildly attenuated by adjustment for HDL cholesterol. This suggests that part of the protective effect of alcohol against HF may be possibly related to an alcohol-mediated increase in serum HDL cholesterol levels.
Parental HF and HF Risk
In cross-sectional analyses, history of HF in at least one parent (parental HF) was associated with increased LV mass [17] and LV internal dimensions [17] and reduced LV systolic function [17] and circumferential strain [27] in the offspring. Further, abnormal LV geometric patterns aggregate in families and parental HF is associated with eccentric LV geometry in offspring [28] . In prospective multivariable analyses, parental HF was associated with a 70 % increase (95 % CI 11 to 160 %) in the risk of HF in the offspring (Table 2 ) [17] . This association was similar in women and men (no effect modification by sex was observed).
Myocardial Infarction and HF Risk
Myocardial infarction is a potent risk factor for HF. In prior analyses adjusted for angina pectoris, diabetes mellitus, ECG-LVH, and valvular heart disease, presence of myocardial infarction conferred a 6-fold increase in the risk of HF (Table 2 ) [13] . Effect modification of this association by sex was not apparent. In recent analyses on a contemporary FHS cohort where 14 covariates were considered in stepwise regression models, previous myocardial infarction and previous coronary heart disease were associated with a 3.5-fold and 1.7-fold increase respectively in the risk of HFREF but was not significantly associated with the risk of HFPEF [6] .
Valvular Heart Disease and HF Risk
In FHS, valvular heart disease is defined as the presence of Grade 3/6 or greater intensity systolic murmur, or any diastolic murmur. In models adjusting for age, hypertension, diabetes mellitus, angina, myocardial infarction, ECG-LVH, presence of valvular heart disease was associated with a 2.1-fold and 2.5-fold increase in HF risk in women and men, respectively (Table 2 ) [13] . There was no apparent effect modification of this association by sex. In recent sexpooled analyses examining 14 clinical risk factors, presence of valvular heart disease conferred a 3.2-fold (95 % CI 2.3 to 4.4-fold) increase in HF risk and was associated with both HFPEF and HFREF [6] .
Heart Rate and HF Risk
In earlier analyses, every 10 bpm increase in heart rate was associated with 10-15 % greater odds of HF [5] . In more contemporary analyses, based on data from 1988 to 2008, every 12 bpm increment in heart rate resulted in a 28 % increase (95 % CI 19 to 38 %) in the 8-year risk of HF [6] . Effect modification of this association by sex was not assessed in this specific investigation.
Noncardiac Dysfunction and HF Risk
In a small group of FHS participants (n=676; mean age 75 years; 58 % women) with data on noncardiac risk factors of interest, after adjustment for known clinical risk factors and cardiac systolic and diastolic dysfunction, higher serum creatinine (>1.05 mg/dL), lower FEV1:FVC ratios (<91 % predicted), and lower hemoglobin levels (<13 g/dL) were associated with increased HF risk (all P<0.05); however, serum albumin and white blood cell count were not associated with HF risk (P>0.30) [29] . Interaction by sex was not examined in this report.
Electrocardiographic Findings and HF Risk Electrocardiographic LV Hypertrophy and HF Risk
In multivariable analyses, presence of LV hypertrophy by ECG criteria was associated with an increased risk of HF in both women and men (Table 2 ) [13] . Overlapping 95 % CIs suggests lack of effect modification by sex; however, formal assessment by including interaction term for sex in regression models was not performed [13] . In stepwise multivariable regression models consisting of 14 established HF risk factors, ECG-LVH was associated with a 2.7-fold increase in the risk of HFREF (HR 2.73, 95 % CI 2.04-3.65, P<0.001) but was not significantly associated with the risk of HFPEF [6] .
Electrocardiographic QRS Duration and HF Risk
Delay in ventricular depolarization was associated with an increased risk of HF [18] . Each SD increment in log-QRS duration was associated with a multivariable-adjusted 23 % increase in HF risk (Table 2 ). In time-dependent models with QRS category and risk factors updated every 2 years, incomplete bundle branch block was associated with a 1.4-fold and complete bundle branch block with a 1.7-fold increase in risk of HF. These associations were maintained on adjustment for baseline LV mass. There was no effect modification of the association between QRS duration and HF risk by sex.
Atrial Fibrillation and HF Risk
Atrial fibrillation and HF are inter-related; one begets the other [30] . Its presence confers a 1.9-fold increase in the 8-year risk of HF [6] . Among 725 FHS participants (mean age 73 years, 45 % women) with atrial fibrillation followed over 10 years, the incidence of HF was similar in women (4.3 per 100 person-years) and men (3.3 per 100 person-years) [7] .
Echocardiographic Measures and HF Risk Left Ventricular Enlargement and HF Risk
Echocardiographic LV end-diastolic and end-systolic dimensions were highly correlated (r=0.86 in both men and women). Every 1SD increment in LVend-diastolic and end-systolic dimension was associated with a 47 and 43 % increase in HF risk respectively (Table 3 ) [31] . Sex had no significant interaction with LV end-diastolic or end-systolic dimensions and the risk of HF (P for interaction >0.39).
Left Ventricular Dysfunction and HF Risk
Among FHS participants without HF, the prevalence of asymptomatic LV systolic dysfunction (ALVD, defined as echocardiographic LV ejection fraction ≤0.50) was lower in women than in men (0.8 % in women versus 6.0 % in men) [32] . Presence of ALVD conferred a 4.7-fold increase in HF risk (Table 3 ). This increased risk did not vary by sex (p for interaction was not statistically significant). In subsequent analyses accounting for clinical HF risk factors, LV systolic dysfunction (defined as LV ejection fraction ≤0.45) was associated with 130 % increase in HF risk and LV diastolic dysfunction was associated with a 32 % increase in HF risk [29] . Effect modification of these associations by sex was not assessed in this report.
Aortic Root Remodeling and HF Risk
Among FHS participants, the average aortic root measurement in women was 2.4 mm smaller than that of men of comparable age, height, and weight [35] . After accounting for clinical risk factors, HF risk increased by 19 % for every 1 SD increase in aortic root dimension at baseline and by 20 % for every 1SD increase in aortic root size over 8 years (Table 3 ) [33] . This increased risk was attenuated on additional adjustment for LV mass suggesting that arterial and ventricular remodeling may be occurring parallel to each other (correlation co-efficient between aortic root dimension and LV mass was 0.50, P<0.001). The association between baseline aortic root dimension and HF risk was similar in both women and men (p for interaction 0.99).
LV Hypertrophy Patterns and HF Risk
Over a mean follow-up of 21 years, the age-and sexadjusted incidence of HF increased from 7.0 % in the normal LV group (normal LV mass and relative wall thickness) to 8.7, 13.4, and 15.3 % in the concentric remodeling (normal LV mass with increased relative wall thickness), concentric hypertrophy (increased LV mass and relative wall thickness), and eccentric hypertrophy (increased LV mass with normal relative wall thickness) groups, respectively [34] . In multivariable analyses adjusting for known risk factors for HF, compared with normal LV group, concentric remodeling was not associated with greater HF risk; however, significant increase in HF risk was noted among those with concentric hypertrophy (1.4-fold increase) and eccentric hypertrophy (1.9-fold increase) ( Table 3 ) [34] . There was no statistically significant interaction by sex (p for interaction = 0.53) [34] . Of note, concentric hypertrophy was associated with a greater risk of HFPEF and eccentric hypertrophy was more likely to be associated with HFREF [34] .
Other Sex-Related Disparity in Cardiac Structure and Function
Women have lower LV mass and LV wall thickness than men but experience greater age-associated increase in LV wall thickness [36] . Women also have better LV mechanical function (higher longitudinal, transverse, circumferential, and radial strain by speckle tracking echocardiography) than men (P<0.001 in multivariable regression analyses) and history of having at least one parent with HF (parental history of HF) was associated with worse circumferential strain in offspring free of HF (β 0.23, P=0.01) [27] . Studies to examine these implications on subsequent development of HF are awaited. LV diastolic dysfunction was defined on the basis of LV filling pattern as any abnormal relaxation, pseudonormal filling, or restrictive filling. Abnormal relaxation (mitral E/A <0.5, deceleration time >280 milliseconds) or restrictive filling (mitral E/A >2.0, deceleration time <120 milliseconds) was classified on the basis of mitral inflow patterns. In the absence of tissue Doppler imaging, pseudonormal LV filling was distinguished from normal LV diastolic function by the presence of left atrial size at or above the sex-specific 80th percentile, LV mass at or above the sex-specific 80th percentile, or any atrial fibrillation.
c Normal LV group (normal LV mass and relative wall thickness), concentric remodeling (normal LV mass with increased relative wall thickness), concentric hypertrophy (increased LV mass and relative wall thickness), and eccentric hypertrophy (increased LV mass with normal relative wall thickness). TNF denotes tumor necrosis factor-alpha. IGF-I denotes insulin growth factor-I. BNP denotes B-type natriuretic peptide. NT-proBNP denotes N-terminal pro-B-type natriuretic peptide. PAI-1 denotes plasminogen activator inhibitor-1. ARR denotes aldosterone-to-renin ratio. UACR denotes urine albumin-to-creatinine ratio. GGT denotes gamma glutamyl transferase.
Biomarkers and HF Homocysteine and HF Risk
Plasma homocysteine was directly related to LV mass and wall thickness in women (P=0.004 to 0.04) but not in men (P=0.28-0.68) [37] . Plasma homocysteine was not related to left atrial size or LV fractional shortening in either sex. In prospective analyses, plasma homocysteine levels higher than sex-specific median value were associated with a 93 % increase in HF risk among women (Table 4 ) [38] . Sex-related differences in the associations of plasma homocysteine with LV mass and HF has been detailed in a prior report [49] .
Inflammatory Cytokines and HF Risk
Elevated serum interleukin-6 (IL-6), C-reactive protein (CRP), and spontaneous production of tumor necrosis factor-α (TNFα) by peripheral blood mononuclear cell (PBMC) were associated with an increased risk of HF (Table 4 ) [39] . Participants with elevated levels of all 3 markers had a 3-fold increased risk of HF (HR 3.00, 95 % CI 1.13 to 7.95, P=0.03] when adjusted for known HF risk factors at baseline and a 4-fold increase in risk when additionally adjusted for myocardial infarction as a timedependent variable. In stepwise models directly comparing the prognostic utility of elevation of all 3 markers with that of an increase in serum IL-6 alone, elevated serum IL-6 entered the model first; elevation of the other two cytokines did not enter the model subsequently. The impact of inflammatory markers on HF risk did not vary by sex (p for interaction >0.10).
Serum Insulin-Like Growth Factor-I Level and HF Risk
Low serum IGF-I is a risk factor for new-onset HF in elderly individuals without previous myocardial infarction [40] . Among elderly FHS participants without myocardial infarction or HF at baseline, women had lower serum IFG-I level than men and, after adjustment for known HF risk factors, higher IFG-I level was associated with a lower risk of HF (Table 4) . This association was alike in women and men (p for interaction >0.05).
Natriuretic Peptides Levels and HF Risk
The natriuretic peptides are counterregulatory hormones involved in volume homeostasis and cardiovascular remodeling [41] . Compared with men, women have a 1.6-fold higher plasma brain natriuretic peptide (BNP) levels and 1.3-fold higher N-terminal atrial natriuretic peptide (NT-ANP) levels [50] . Lower levels of circulating androgens and the potentiating effect of exogenous female hormone therapy contribute to the higher circulating NT-proBNP concentrations in women [51] . Both BNP and NT-ANP are positively associated with elevated LV mass and LV systolic dysfunction in both sexes [52] . However, presumably due to low prevalence of LV systolic dysfunction, ascertainment of natriuretic peptide levels is not a useful screening tool for the detection of increased LV mass or LV systolic dysfunction [52] . In multivariable analyses, every 1SD increase in log BNP and log NT-ANP level was associated with a 77 and 94 % increase, respectively, in the risk of HF (Table 4 ) [41] . These associations were similar in the two sexes [41] .
Resistin, Adiponectin and HF Risk
In a fully-adjusted multivariable model, each SD increment in blood resistin concentrations (7.45 ng/ml) was associated with a 26 % increase in HF risk (Table 4 ) even after accounting for prevalent coronary heart disease, obesity, and measures of insulin resistance and inflammation [42] . Adiponectin, however, was not associated with HF. Effect modification of these associations by sex was not examined in this report, likely due to the small sample size.
Leptin and HF Risk
Leptin levels were higher in women and strongly correlated with BMI (P<0.0001) [43, 53] . Log leptin levels standardized to sex was inversely associated with LV mass, LV wall thickness, and left atrial size. Leptin levels were not correlated with fractional shortening, transmitral early/late diastolic filling velocities, and LV end-diastolic dimensions. Although, these cross-sectional associations suggest a cardioprotective effect [53] , in multivariable Cox regression analyses adjusting for established risk factors, log-leptin was positively associated with the incidence of HF (Table 4 ) [43] . Additional adjustment for BMI nullified the association with HF (HR 0.97 [95 % CI 0.75-1.24]) [43] . The association between serum leptin concentration and HF risk was similar in both sexes (P for interaction ≥0.75) [43] .
Multibiomarker Panel and HF Risk
Biomarkers of inflammation (C-reactive protein), hemostasis (fibrinogen and plasminogen activator inhihibitor-1 [PAI-1), and activation of the renin-angiotensin-aldosterone system (aldosterone-to-renin ratio [ARR]) were each associated with LV geometry in separate models [54] . However, only ARR was associated with eccentric as well as concentric LV hypertrophy when all biomarkers were included in the same model. Only the B-type natriuretic peptide (BNP) and the urinary albumin-to-creatinine ratio (UACR) emerged as significant predictors of non-ischemic HF risk in analyses that also included C-reactive protein, PAI-1, homocysteine, and ARR (Table 4 ) [44] . These associations were not modified by sex (p for interaction was not statistically significant).
Phosphorus and HF Risk
Cross-sectionally, serum phosphorus was related positively to LV mass, internal dimensions, and systolic dysfunction [45] . In prospective analyses adjusting for established risk factors as time-varying covariates, every 1 mg/dL increment in serum phosphorus was associated with a 1.7-fold increase in the risk of HF and individuals in the highest serum phosphorus quartile experienced a 2-fold increase in risk of HF compared with participants in the lowest quartile (Table 4 ) [45] . The association between phosphorus level and HF risk did not vary by sex (P for interaction >0.05).
Gamma Glutamyl Transferase and HF Risk
Each SD increase in log-GGT and a value at or greater than the median was associated with a 1.4-fold and 1.7-fold increase, respectively, in the risk of HF (Table 4 ) [46] . These associations were similar in both women and men (P for interaction was not statistically significant).
Galectin-3 and HF Risk
Elevated serum Galectin-3 level is a marker of myocardial fibrosis, which may potentiate myocardial dysfunction and subsequently result in overt HF. Among FHS participants, Galectin-3 levels were higher in women compared with men (Table 4 , P<0.05) [47] . In multivariable models adjusting for established clinical risk factors for HF, every 1SD increment in sex-standardized log Galectin-3 levels was associated with a 28 % increase in the risk of HF. This association remained statistically significant after additional adjustment for BNP levels. Effect modification of the association between Galectin-3 levels and HF risk by sex, if any, was not reported.
Hematocrit Level and HF Risk
In a large sample of FHS participants (N=3523), higher hematocrit levels, even within the normal range, were associated with a greater risk of HF (Table 4 ) [48] . Adjustment for interim occurrence of hypertension, diabetes mellitus, coronary heart disease or stroke and subgroup analyses of nonsmokers yielded similar results. However, in a smaller subset of FHS participants (N=676) with available data on noncardiac dysfunction, after accounting for clinical risk factors and cardiac systolic and diastolic dysfunction, lower hemoglobin level was positively associated with HF risk [29] . The reasons for these observations are unclear. Effect modification of these associations by sex was not examined in both these reports.
Other Biomarkers and LV Remodeling
Aldosterone and Cardiac Structure Serum aldosterone, a marker of myocardial fibrosis and LV remodeling, were higher in women compared with men [55] .
In multivariable regression models, serum aldosterone was positively associated with increased LV wall thickness and relative wall thickness but decreased internal dimensions in women (P<0.05 for all) but not in men (P>0.20 for all) [55] . In prospective analyses, aldosterone was associated with increase in systolic blood pressure and incident hypertension [56] , which, in turn, might increase the risk of HF.
Matrix Metalloproteinase-9 and Cardiac Structure
Plasma levels of matrix metalloproteinase-9 (MMP-9), a key determinant of extracellular matrix degradation, was associated with increased LV end-diastolic dimensions and increased LV wall thickness in men but not in women [57] . Its effect on HF risk has not been assessed.
Leukocyte Telomere Length and LV Mass
Leukocyte telomere length shortens with increasing age, greater oxidative stress and inflammation, and exposure to atherosclerotic risk factors. Contrary to expectation, it was positively associated with echocardiographic LV mass and wall thickness [58] . Sex was not an effect-modifier of this association. Implications of these associations on development of overt HF are unknown.
Causes of Death After Onset of HF
Among participants who developed HF, about two-thirds of the underlying cause of death and about one-half of the immediate cause of death were due to cardiovascular causes such as coronary heart disease, stroke, progressive pump failure, and arrhythmias or sudden cardiac death [59] . Major underlying and/or immediate noncardiovascular causes of death were infectious/noninfectious respiratory disease, cancer and other systematic infections. Predominant noncardiovascular contributory causes of death were kidney disease (including genitourinary or electrolyte abnormalities), diabetes mellitus, and noninfectious respiratory conditions. Older age at death was associated with greater odds of non-cardiovascular underlying cause of death in men (P=0.003) but did not reach statistical significance in women (P=0.14). Prior myocardial infarction was significantly associated with the increased odds of cardiovascular disease as the underlying cause of death in women (odds ratio [OR] 1.87, 95 % CI 1.10 to 3.16) but not in men (OR 0.88, 95 % CI 0.55-1.41). Cardiovascular underlying cause of death occured more frequently in the presence of HFREF (Fig. 4 , 70 % of deaths in women an 76 % of deaths in men) than in the presence of HFPEF (49 % of deaths in women and 39 % of deaths in men). Among those with LV systolic dysfunction (HFREF), odds of cardiovascular death as the underlying cause was 2-fold higher in women (OR 2.39, 95 % CI 1.39-4.08, P =0.002) and 3-fold higher in men (OR 3.16, 95 % CI 1.73-5.78, P<0.001) and the odds of cardiovascular death as the immediate cause was 2-fold higher in women (OR 2.12, 95 % CI 1.09-4.10, P=0.027) and 5-fold higher in men (OR 4.90, 95 % CI 2.02-11.91, P<0.001). As a corollary, non-cardiovascular underlying and immediate causes of death were more common in HFPEF than in HFREF.
Overall, these observations emphasize the need to prevent infections, control diabetes mellitus, correct fluid-electrolyte imbalance, maintain renal function, and treat other comorbidities to achieve further reductions in mortality among HF patients on optimal cardiovascular therapy.
Conclusions -Salient Features
& Over a 50-year period, from 1950s to 1990s, the incidence of HF has declined by about one-third in women but has remained almost unchanged in men. The survival after the onset of HF has improved in both women and men; however, the HF mortality rate remains high -over 50 % die within 5 years after onset of HF. & Between 1970s and 1990s, improved survival after myocardial infarction was accompanied by concomitant increase in occurrence of new cases of HF. & Overall, the 8-year relative risk of HF is 24 % lower in women compared with men. & In those with new-onset HF, women have 2.8-fold higher odds of HFPEF (LVEF >45 %) than HFREF (LVEF ≤45 %). This disparity is primarily because men have a 2-fold higher cumulative incidence of HFREF than HFPEF. Of note, 8-year incidence rates of HFPEF and HFREF in women and HFPEF in men are similar. & The lifetime risk of HF is about 20 % in both women and men at 40, 50, 60, 70, and 80 years of age. Persistently high lifetime risk despite shorter life expectancy with advancing age is intriguing. Higher short-term HF risk in elderly due to greater prevalence of hypertension (a major risk factor for HF) and improved survival after acute myocardial infarction (a potent risk factor for HF) are potential explanations. & Hypertension was associated with higher hazard for HF in women than men (3.4-fold vs 2-fold higher) and the sex-related difference in population attributable fraction was even more prominent (59 % vs. 39 % in women vs. men). & Women are particularly susceptible to the deleterious impact of diabetes mellitus on the heart. Diabetes mellitus was associated with a 5-fold higher relative risk for HF in women and 2-fold higher risk in men. & Alcohol intake was not associated with increased risk for HF even among heavy drinkers (≥15 drinks/week in men and ≥8 drinks/week in women). The inverse association between alcohol intake and risk for HF was less pronounced in women than men. & All other clinical, electrocardiographic, and echocardiographic risk factors, many of which are differentially distributed in women and men, posed a similar overall HF risk in both sexes. & Several circulating biomarker concentrations were distinctly different in women compared with men and had differential cross-sectional associations with LV structure and function (e.g., homocysteine, B-type natriuretic peptide, and leptin); however, the strength or direction of the association between biomarkers levels and HF risk were generally similar in women and men. & In individuals who developed HF, about two-thirds of the underlying cause of death and about one-half of the immediate cause of death were due to cardiovascular causes. Prior myocardial infarction was significantly associated with the increased odds of cardiovascular disease as the underlying cause of death in women but not in men. Noncardiovascular underlying and immediate causes of death were more commonly noted among individuals with HFPEF.
